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Role of p38 Mitogen-Activated Protein Kinase in a Murine 
Model of Pulmonary Inflammation^ 
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Earl)' mflammatoo- events include c>toklnc release, activation, and rapid accumulation of neutrophils, .vith subsequent recruit- 
mem o mononuclear cells. The p38 mitogen-actlvated protein kinase (MAPK) intracellular signaling pathway plavs a ^ent^al rl 
.n regulating a wide range of inflammatory responses In many different cells. A murine model of mild LPS-lnduced lung inflam- 

MAPK rhibirrXV' T "^^.^^ '^^'^ ^'^^ of pulmonary inllammation. A nov^pTs 

inM^^ei nS^^^^^^^ was u^d to determme the functional consequences of p38 MAPK activation. In vitro exposure t« M39 
mhibued p38 MAPK activity in LPS-stimulated murine and human neutrophils and macrophages, blocked TNF-a and macro- 
phage tnflammatoo' protein.2 (MIP.2) release, and eliminated migration of murine neutrophils toward the chemokines MIP.2 and 
KC In contrast, alveolar macrophages required a lOOO-fold greater concentration of M39 to block release of TNF-a and MlP-2 
Systemic in h.buion of p38 MAPK resulted in significant decreases in the release of TNF-a and neutrophil accumlln in the' 

h E administration of LPS. Recoveiy of MIP.2 and KC from the airspaces was not affected b 

inhibition of p38 MAPK, and accumulation of mononuclear cells was not signilicantly reduced. When KC was Instilled as 'a 
pro.nflannnator>- stimulus, neutrophil accumulation was significantly decreased by p38 MAPK inhibition independent of TNF-a 
Lnatd S 7h ''TV'T 'T""''"'' ' '""^'^ ^^''^''^ dependence on the p38 MAPK cascade in the neutrophil when 
i«„? rf r ^^•^^^^^kocytes, and suggest a means of selectively studying and potentially modulating early inflammation In the 
lung. The Journal of Immunology, 2000, 164: 2151-2159. "™a"on in inc 



The rapid accumulation of neutrophils to the lung in re- 
sponse lo a proinflammatory stimulus is one of ihc first 
recognizable events in tlic pathogenesis of many pulmo- 
nary diseases. The process by which neutrophils cross the pulmo- 
nary vasculature, migrate through the lung intcrstitium, and ulti- 
mately accumulate in Uie airways requires complex interactions 
between circulating leukocytes and the cells of the lung (I). Al- 
though many aspects of neutrophil accumulation arc poorly un- 
dersiood. u number ol' discrete events have been idemiiicd. In 
health, a significant proportion of ihc circulating neutrophils are 
passing through the lung capillao' bed at any point in time, con- 
tributing to die marginating pool (2). In the setting of lung injury, 
effective migration and accumulation of neuu-ophils into the air^ 
spaces requires coordinated responses including up-rcgulation of 
adhesion molecules, cytoskeleial rcarningcmcnt, increases in cell 
size and stiffness, and chenioiaxis (2-4). To a large extent, cyto- 
kines and other soluble proinflammatory stimuli orchestrate the 
rcspomics of ihc leukocytes. S>'nthesis of cytokines by the neutro- 
phil itself may serve lo amplify and perpetuate the recniimicnt of 
leukocytes to the airspaces in certain disease states (5). Monocyte 
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and macrophage accumulation in the lung typically occur.s follow- 
ing an initial recruitment of neutrophils. In some animal models of 
acute inflammation, accumulation of monocytes in the lung was 
found to be neutrophil dependent (6). 

Of particular interest is the ability of LPS to induce lung in- 
flammation, as local or systemic endotoxin release is an important 
feature of many diseases, including focai pneumonias, cystic fi- 
bn«is. and the acute respirator}' distress syndrome. LPS is not an 
effective chcmoaitractant for ncunophil.s, but can u^iggcr an in- 
flammatory cascade via the .synthesis of cytokines and other proin- 
flammatory mediators by resident alveolar macrophages (AMV 
local mast cells, fibroblasts, epitheiia, and endothelial cells. The 
release of TNF-a and neutrophil-directcd chcmoJcines such as lL-8 
are essential to early LPS-mediated neutrophil recruitment. 

The combined effects of TNF-a and IL-8 on neutrophil n:cruit- 
ment arc complex and incompletely understood. Kjiown roles of 
TNF-a include activation of endothelial cells to express adherence 
proteins, induction of an array of secondary inflammatory media- 
tors, and "priming" of neutrophils for enlianced phagocytic and 
bactericidal activity (7), Througli studies wiUi specific Abs and 
genetically modified mice, the requirement for TNF-a in the 
pathogenesis of LPS-induccd shock and tissue injury has been con- 
flmied. However, these techniques do not allow for selective re- 
duction of the release of TNF-o by a cell ty^pc, nor modulation of 
the ability of neutrophils to respond to TNF-a. As a single agent, 
TNF-a also does not induce chemotaxis of neutrophils. However, 
the ELR(+)CXC chcmokine lL-8 is one of the most specific neu- 
trophil chcmoattraciants yet described (8-10). lL-8 has not been 
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idcmified in mice, but macrophage inflammatory protein-2 
(MlP-2) and KC share the same ELR(+)CXC struciutt and act as 
functional homologue of human IL-8 (1 1. 12). 

Selective responses of cells to extcmat stimuli may be under- 
stood Ihrough differential activation of intracellular signaling 
mechanisms. The mitogcn-aciivatcd protein Itinasc (MAPKj su- 
pcrfamily arc highly conserved signaling kinases that regulate cell 
growth, difleremiation. and stress responses (13). At least three 
dLstinct families of MAPKs exist in mammalian cells: the p42/44 
extracellular signal-resiulated kinase (ERK) MAPKs. c-Iun N'H,- 
icnninal kinases (JNKs), and p38 MAPK ( 14-16). Both the coor- 
dinated release of cytokines by host defense celk and the func- 
tional response of neutrophils to cytokines and other proin- 
flamniatory agents are to varying degrees regulated by p38 MAPK 
In the neutrophil. p38« MAPK is activated in response to many 
sumuli. including LPS and TNF-a (17. 18). Once activated. p38o 
MAPK IS capable of modulating functional responses through 
phosphorylation of franscripuon factors and activation of other ki- 
nases. In LPS-slimulatcd neutrophils. p38« MAPK regulates dis!- 
linctly diferent functions, including adhesion, activation of NF- 
kB. and the synthesis of TNF-a and IL-8 (19-21). In neutrophils 
.cumulated with the chcmoauractam FMLP. activation of p38c» 
MAPK regulate.'! both superoxide anion release and chcmoiaxis 
c^a^!^ LPS-stimulated monocyte/macrophage, inhibition 
of p38« MAPK blocks TNF-a and lL-8 release (16, 22) In ccUs 
other than leukocytes. p38 MAPK al.so regulates stress-responses 
includwg release of IL-8 by bronchial cpitheUal cells in rcspoiuse' 
to TNF-o or other inflammatory stimuli (2.^). LPS stimulation also 
causes activation of p38 MAPK in endothelial cells, resulting in 
up-regulation of the ICAM-1 adhesion molecule (24) 

Given this central role of p38 MAPK as a regulator of multiple 
inflaninmoiy responses in many diverse cell types, we questioned 
the effect of in vivo p38 MAPK inliibition on neutrophil accumu- 
lation in the lung. For these studies, we employed a murine model 
of iTiild pulmonary inllammation in response to a single adminis- 
tration of LPS In the airspace. Inhibition of p38a MAPK was 
acconiphshcd with ihc novel compound M39. which is the most 
highly selective and potent inhibitor of p38 MAPK described to 
f^lVj^' of sclwt'vc inhibition of p38 

MAPK on several events critical in the pathogenesis of tlie early 
inflanimatory response of the murine lung. Herein wc report that in 
vitrx. inhibition of p38 MAPK resulted in a significant decrease in 
murme neutrophil function, but a limited effect on other inflam- 
matory responses. In vivo, this resulted in tlie loss of initial neu- 
trophil rect^iiimem to the airspaces, while later accumulation of 
mononuclear cells remained largely intact. Together, these data 
indicate the potential for relatively selective in vivo inhibition of 
neutrophilic responses. 

Materials and Methods 

Malerials 

tiidoioxin-frcc rcagcnis und plastics were used in all experiments Anro- 
1 mm Icupcptm. Tris-HCI. Triton X-IOO, ijenal. PMSF EIXTA ECtT 

v^^j" ;Jn [••^5-[2-(l -phcnylcihylaniino)pyrimidin-4.ylM.mctli. 

bl ^i^,;wl;T'"'*^ ''^".^'^ '^''^^"J prodded 

fiJ^? » • ■^^i""'* '""^ ^"SO at -lO'C. LPS was purified 
from &cftencAi« 0111:84 (List Biological Labomlorics. CanXn 
CA). Recombinant KC and MIP-2 weie purchased from R&D Systems 
^.™,capol.s. MN). Activated transcriptioS factor (ATF).2.V.„ wL p^ 
pansd as previously described (17. 19). ' "" 
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given commercial pellet food and water ad lihi.um. All experiment, were 
penonned m *:cordance with the Animal Welfare Ac, and ,1k- U.S. Pub e 
He- l,h Service Policy on Humane Care and Use of Lab<,n,>„rv Anim ' 
after review ofUie protocol by the Ani,nat Care and Use Commi.iec of ihc 
Nanonal Jewid, Medical and Ro.«an:h Ccn,er. Anes,hesia wa.. provlicd by 
s.nt-le ..p. mjccuon of 333 mg/kg ave«in. Avenin was pa-pared bv mix- 
m 10 g mbronux-thyl ateohol (Aldrich, Mil«-aukee. Wl) vviih lOral 
nary amyl alcohol (Aldrich) and dilu,ing this stock to a 2.5% soluiUml 
stcntc saline. 

Murine bronchial alveolar lavage (BAL) 

p^L'^Hi,'!?'''""'^' ""'"^'"="='>' '■""""•ine acrillco of the animals bv 
pcniobarb taf overdose or cen^ical disliKation. The procedure was pc;- 
lomied >.^, the lungs in silu but with d.e chest eavi.yVned by midU^ 

do wn of the skm ovcrlymg the michea wiih a 20.g angiocath (Baxter Quik- 

h^ln '"' "^'P'"" »f1"«--ntially removed by 

f.^ n """^ l""'"" » ».^"'8C. Tlio volume of BAL recovered 
vas quannned and cells recovered were counted in a l.cmocv,„me,er C>n 
types were deumnincd by Wright staining of a spun sample. All slides were 

Isolation of cells 

T"' P'^'"" method (26) and 

suspcnArd in Krebs-RuigerphosplMic bulicr with 0.2% dcxirose at pH 7 " 
or in RPMI 1640 culture ,«dium (BioWhituker. WalkersvSo) M^T 

ure munne bone nwimiw neutrophils were isolated from mouse femurs and 
iibias. Animals were sacrificed by ce.^-ical dislocaiion. and (he bones were 
di. .scced. BoU, ends of each bone were removed, and a 2S-gauBc neSic m 
a 5-ml .syringe conuiining HBSS (wiUiou, calcium, magnesium, bicarbon- 
raw co^rw .^.' was einployed 10 express marrow from the bones. Mar- 

o« cords were collected m a 50-n,l polypropylene conical tube (Bccton 
i™ ""u' .^-suspended by gen.lc aspira 

111 fl^ '"^-l';'™ "'"'ush a 19.gauge needle. The mamiw colls wore 
pelleted by ccntnfugation at 1 12 x ^. for 6 mi.,, washed once wiih HBSS 
and rcsuspcndc-d ,n HB.SS to a final volume of 2 ml in preparatio,, 

"I""'}*''"""- '"'"'i"" °f P^eoll (100»/» line 

grade; P|«nnac,a I me Chemicals. Pi^cataway. NJ, was prepared in lOx 
HBSS m a m,o of 9:1 (vA) PcrcolUOX HBS.S. A 3 x 2-ml Percoll 
disconlmuons density gradient (72. 64. and 52% with I x HBSS) was nre- 
pared m a I .l-ml polypmpy Icne conical tube (Becion Dickinson). The mar- 

at 1060 X i; for 30 mm. MoT,l,„logieally iTOiure ap,Karine neuimphils al 
coneemration of >95«/„ formed a band a, the interlilee ofThe M and W'A 
Krcoll layers. This bimd was carefully aspiniied and mixed with 12 ml of 
IX HB.SS in a IJ-ml a>nical tube, ccnirifuycd at J 12 X for 6 niin 
washed miiee with IX HBSS, and resuspendcd in IX HBS.S to volume 
01 . ml and counted by liemocytometcr. Typical yields were -l--> x 10' 
mature bone mamiw neuirophils per mouse. In separaie s,udic-s. The mar- 
row neutrophils were shown to have equivalent functional responds and 
recirculation pancTO when comp.ired wid, pmpheral murine neutrophils 
^.T.S.. unpublished observations). Murine peripheral biwd ncuutiphils 
were isolated by modification of methods previously reported (27) for the 
punfieation of rabbit peripheral neutrophils. Mice were volume expanded 
and ex^nguinated into a J.Sf. citrate solution followed by ecntrifigalion 
oXn 1 . ^""^ f^"*P«"dcd in 6% dexM^ »nd 

on W hL ""/m " '"«'"'"='«"i'>0 to a final volume 

o( I .^0/. I ,c original blood volume and sedimenied at unity enivi,y for 30 
mm. The leukocytc-rich supemawnt was a.spiraicd. washed once in HBSS 

X'^ T,'',/''-"'~J! "n<riruBed"ai 
1060 X g lor 30 mm. Cytospun samples of Uic dense band revealed >90% 
neutrophils, l-ollow-ing lysis with hypotonic saline, typical yields were -2- 
.h^ S P"'P'«-">I Wood neutrophils per mouse. Tryp.in blue dye exclusion 
showed .he cells to be >97% viable following purifieaiion. Murine AM 
were isolated by two sequential BALs. Typical yields were x 10» cells 
per^mousc and ^tc 97-99% AM asses.scd by Wright staining of spun 



Aniiuals 

"I!.'"'!?" '*'*•''••>•■ I'Hi'anapolis, IN). 5-1^ 

« k of age and weighing 1 6-20 g. were used in all cxpcrimenis. Tlicy wc« 



Neutrophil futtcrianal assays 

All experiments were done in the presence of 1% human or niurine heat- 
inactivated pIatclcii»or plasma. Cytokine release assavs were performed 
will, inunne neutrophils solaied from peripheral biwxl or murine AM re- 
suspended in RPMI 1640 containing 2% munne hcat-inaetivaied plaielci- 
poor pbsma at a concenirarion of 5 X 10* cells/ml. One milliliter of cells 
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::^uL;;opr,:rs.^^^^^^^^^ t..... p.o;o.Lo„ ..p..., m... m.,. 

wen., prohcd with an a.Ui.p„ospho.y™sinc Ab capab IcT^^^^ '"t "'"--^ -^"^-''AGH. Wos.cm blo« 

shown in forhunu-.n neum.phils to confim, Ihc vcciS-l o£ "'^"i'"'™'"^ 'sO control is 

i™n .-I wcTC- rcpmbed w.,1, an a, li-pIR M\?T^T^m^lT^ ^ ""'""""Pr'^'-ipi.a.ion ofpSSa MAI'K. Blots 

Activation of p38„ MAPK. p38a mSk rLIXtX^Jri:,. "^^ 'P-'P'-''^ --or each cLi.ion Jicd C 

[■W -ntc peptide wasLicetcd to SDS-P;rrurl ^l^-^' "'- c of 

diography. Under identical conditions, p3Ra MAPK imn.unop,ccini,n,cd fLn .Trin. , \ ''1'" '''"""^ '"""^''"^ 

wiU, the nonimmune IgO ««.,ol sho Jin lane S of A aTfi for hu2, „ 3n r " »"^'>'-'' """"i'ion by M39. lmmt„„,preeipita.ion 

depict ...ans ^ SEM fton, .hn:c coa^cmivccxperime^ ' ^^^^^^^^^ phosphorylation of ATK-2,. Plots 

sample in the absence of M39 for each cell lyjK. aronraiy units. «, ,j < 0.0 1 by Student s / lest, compared with the LPS-stimulaicd 



suspcnsio., was added per vvcll of a 12-wcll flat-bottom ti.ssue culture- 
.ca ed Myst>Tene plate (Costar. Coming, NY). Cells were allowed to 

^ \ '"u""'""''- "'"siimuli for the desig- 

naic^ penods. At thcend of the stimulation, the supcmalam was removed 
or quant,ncai.on 01 KC, MlP-2. or TNP-a by immunoassay (R&D S>^ 
^?^Lh">""" "^^^^ "^'''^ P"'""™^'' inenbation of 

.nin^T^ir 7 ^r'^^f "^^ " °f concentrations for 60 
di«ribed <27W ' r" ^ ""1'^""" "^""^•^ "'-'■^ performed as previou.sly 
S^h^ R?n * T '"«''fi«""'ns. Throughout all migtation assays. 

used as tlic buffer. Between 2 and 5 X IC neutrophils were loaded per uel 
t^Untol^"'": ''"f^:.^ ^« i»ver,ed on'to .nounting med.^ on 
laming 0.1%/,-phenylencdu.inine and 70% glycerol with 1 drSp of defined 

iish the scale. All gels were examined with a X40 diy objective and nu- 
meneal apenutc 0.55. Diagrams of cells in each gel siri^re ^i™ 
5-M.n mterv^aU. and die number of cells at each depth ww^^^ed A 
mmimum ol three gel sccUons were exmi.ied for'cach 7oS^a^ 
avcra„^ calculated for each depth. Valuer for evil distribution a e^rt 

^HJZ^ " ° '■" "■•»">" 

P3S MAPK immunoprecipilatUm assays 

nfcT^.!Sf,i?;?^ f^^' ^^t^^ ""^ '^^-^•^ "'«"""opn,cipi.aled sam- 
pics bj the ability to phosphorylatc ATf.2,.„„ as previously dc^ribcd (19). 

Ittlrmradwal instiUatimt ofproinflunmatoiy stimuli 

Following anesthesia with avcnin. a 300-iig aliquot of LPS or 1 uc KC 

Assolved in 50 ^1 saline containing 0.1% h''uim« serun, alLmitl w« i,^ 



with a 1.25-mm ball diameter (Popper & Sons. New Hyde Park NY) 
through the oropharynx into the trachea. ». " • i 

//I vim inliihilion ofp.hS' MAPK 

Anesthetized mice were administered M.39 by gastric intubation of a 2'>. 
gauge straight feeding needle with a 2.25-min ball diameter (Popper & 

.1 !nn^ "^u" ' '»'""'P"S'" position, and M39 sus- 

pLndcd .n 00 hydroxypropylmclhylccllulo..iC (Abbott Uboralories. Ab- 

t^^ed^'h^Jf ^ *"JT-;fr''.?' " ' T"-' ^39 was adminis- 

tucd 2 h belore and 12 h following intratiacheal instillation of KC or LPS 

Sis» "d"' dose "fMS? was' 



llisuilogical examination and qtian/ificatinn ofneulropltil 
accumiilatiun of murine lung tissue 

Ml'ri! P™"™" or absence of 

;: «'cro saeriliced by pentobarbital overdose and a 

midline incision was performed. A 20.g cathcier (Baxter Health Care) Wis 
inserted into the tiachca and secured by tying with 2-0 silk followed by 
careful dissection to remove the lungs from the thoracic cavity. After full 
innation with air to 25 cm water pressure, the trachea was tied and the 
lungs submerged in 1.5% glularaldehydc solution in sodium eacodylale 
buffer lor 24 h. Sections (4 ,un) taken acros.s ihe entire lung were embed- 
ded in paialBn. Sagittal sections were stained with liemaioxylin-eosin and 
cxammcd by light mitmscopy. Between two and four animals were studied 
tor each condition, and representative sections of lungs were chosa) by two 
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FIGURE 2, Inliibition of p38 MAI»K bliKks ncuimphil mi-raiion to- 
ward MIP-2 and KC. A. NcutrophiU (3 X 10'*) were treated with I fiM 
M39 (□> or left untreated (■) for 60 min at 37»C and then subjected to an 
in viiro collagen gel migraiion assay <sce Marena/s and Methods) toward 
MIP-2 (I0-' M) for 75 iiiiii at ^TC. Each plot depicts distance of mlura- 
lion in lO-Mm inierv-als, expressed in meaji percent of total cells counted ± 
SEM from three consccuUvc experiments. wiUi ihrcc independent readings 
at each depUi. Cells Uiat failed to penetrate ilie gel were quantified in the 
interval labeled "surface." The failure of neutrophils to migrate beyond the 
gel surface following inhibition of p38 MAPK was significant (/> < 0.000 1 ) 
by ^ analysis when compared with untreated cells. B, Under identical 
conditions, neutrophils were treated with M39 {□) or left untreated (■) and 
then subjected lo an in vitro collagen gel migration assay toward KC (10"' 
M ). ThL- obscr\ cd loss of migraiion following inhibiiion of p3R MAPK was 
significani {p < 0.0001) by analysis. 



independent observers blinded to the ircaimcnt status of the animals Pho- 
tomicrographs were taken at X400 magiiificaiion. Quaiilification of neu- 
trophil accumulation in the whole lung excluding the ainspaccs was per- 
ioi-med by myeloperoxidase (MPO) assay as previously described (28) 
with minor modifications. Following BAL. isolated whole lungs were fro- 
zen in liquid nitrogen, weighed, and then homogenized. Following ccntrif- 
ugaiion at 20.000 x f„r 30 min, the insoluble pellet was resuspended in 
50 mM potassium phosphate buffer. pH 6.0. with 0.5% hcxadccyltrimeih- 
ylammonium bromide. Samples were sonicated, incubated at 60''C for 2 h 
and assayed for activity in a hydrogen peroxtde/o-dianisidine buffer ai 460 
nm. Results arc expressed as units of MPO activity per gram of lung tissue. 

Statistical analysix 

Data were analyzed using JMP statistical software {SAS Institute, Gary 
NC). Student s unpaired / test (two-tailed) was use to determine signifi- 
cance of p38 MAPK inhibition (Fig. 1) and neutrophil accumulation and 
Ml O content (Fig. 8) for a single time point. Differences in chcmotaxi^ 
(i-»g. 2) were analyzed by a a- lest. One-way ANO VA was used to anal>-2C 
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FIGURE 3. Effect of p38 MAPK inhibiUon on cytokine relca.se ofLPS- 
stimulated murine neutrophils and AM. A, Murine ncmrophils were treated 
with M39 (O.OOI-IO mM at 37°C) or \cf\ untreated and allowed to adhere 
to pteic. The cells were then stimulated with LPS (100 ng ml) for 4 h at 
37T. and the quantity of TNF-a Mip.2 (□), or KC (A) released was 
quantified. Each plot depicts mean cytokine release (pg per lO** cells) ± 
SUM for each concentration of M39 from three consecutive cxperimcni.-i. 
The M39 conccntration-dcpcndem inhibition of cytokine release is signif- 
icant for TKF-of and MIP.2 (p < 0.00 1 ) by one-way ANOVA. hut not for 
KC. B. Under identical cojtdiiion.s. murine AM were treated wiili M39 or 
left untreated and allowed to adhere to plastic. The cells were then stim- 
ulated with LPS ( 100 ng/ml ) for 4 h at 37«C and the quantity ofTNI'-a (•). 
MIP-2 (□), or KC (A) released was quantilied. Each plot depict mean 
cytokine rclca.se (pg per 10'' cells) r SLM for cuch concentration of M39 
fiom three consecutive experiiTients. The M39 concent raiion-depcndeni in- 
hibition of cytokine rclea.sc is significant for TNF-a and MIP.2 (/; < 0.001) 
by one-way ANOVA. but not for KC. 

the effect of LPS-induccd cytokine release and leukocyte accumulation 
over lime (Figs. 3 and 4). Differences in in vivo coll accumulation and 
cytokine rclea.sc over lime in the presence and absence of p38 MAPK 
inhibition (Fig.s. 5, 6. and 9) were analyzed by iwo-w^av ANOVA. When a 
significant imeniciion between inhibition and time existed, the elfeei of 
inhibition wus analyzed separately for each lime point. For all tests,/; < 
0.01 was considered significant unless otherwise indicated. 

Results 

Inhibition ofp3fia MAPK activation in murine neutrophiLs 
Previous rtiports have dcmonsiraicd phosphorylation and activa- 
tion of p38a MAPK in human neutrophils following stimulation 
with LPS (17, 18). To determine whether activation of p38a 
MAPK occurs in murine neutrophils in response lo LPS, and as- 
sess the ability of M39 to inhibit p38a MAPK activity, murine 
bone maiTow neutrophils were stimulated with LPS in the preseiKC 
and absence of M39. Activity and phosphorylation of p38ft MAPK 
were assessed simultaneously by immunoprecipitaiion of the ki- 
nase from neutrophil lysatcs stimulated with LPS or left unstimu- 
lated. The p38a MAPK was resolved by SDS-PAGE, and the 
Western blot was stained with an Ab capable of detecting tyrosine 
phosphorylation of p38a MAPK (Fig. \A). For compari.son. an 
equal number of human neutrophils were stimulated and analyzed 
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FIGURE 4. Fcaiurcs of pulmonary innammaiion induced by intraini- 
chcal administration of LPS. A. Influx of leukocytes in the murine airspaces 
in response io mtratrachcal LI'S. Mice wcv: administered LI>S (300 ng) at 
time 0 and (he diflcrcncc in numbers of neutrophils (□) and mononuclear 
cells (•) rccovercd by BAL compared with baseline levels was plotted 
over a series of time piiints. Each data point represents the mean change in 
number of cells - SEM from three to five animals. The cOcci of LPS on 
IcukiH-ytc accumulation over time is significant by one-way ANOVA for 
hoih ncunophils {/; < O.OUI) and monocvics (/; = 0.003). B, Cytokines in 
ihc murnic airspaces in response lo LPS. BAL samples recovered followinu 
admmisiraiion of LPS (.^00 ng) were analyzed for TNF-a (•), MIP.2 (□) 
and KC (^). Quantities of cytokine recovered per mouJW *weK plotted 
against time (see Maicrials and Mcihc^b). Each daui point represents the 
mean amount ± SEM of cytokine recovered from die BAL of ihrvc to five 
animals. Ihc ea'cct of LPS on cytokine release over lime is significani bv 
one-way ANOVA (p < 0.001). 



m the Identical manner (Fig. M). The blot was then reprobcd with 
a second Ab again.st p38Qf MAPK. confinnmg that equivalcnl 
amounts of kinase were iinmunoprecipitatcd for each condition 
(data nor sho^v•n). Activity of p38a MAPK was deteimincd by 
combining immunoprccipiiaicd p38a MAPK with ATF-2 a 
known substrate (29), in the presence of [^^pj^jp ^^.^ j^^' '^^^^ 
stimulation resulted in robust tyrosine phosphorylation of p38a 
MAPK in both mannc and human neutrophils. However p38a 
MAPK isolated from LPS-stimulaied cells treated with M39 had 
sigmficantly reduced kinase activity. InhibiUon of p38 MAPK by 
M39 may result in varying degrees of decreased tyrosine phos- 
phorylation bcnveen different cell types and species (our unpub- 
lished observations). These results demonstrate phosphor>'Iation 
and aciivauon of p38a MAPK in the murine neutrophil and the 
abihty of M39 lo inhibit LPS-induccd activation of p38a MAPK. 

Mnhifirw ofpifi mPK hhch chimokine^inducad chemotaxis 
of murine neutmphUx 

Chemota.xis is a complex response involving coordination of ad- 
hesion and actin assembly. We have reported previously that in- 
hibition of p38 MAPK results in loss of chcmoiaxis response by 
human neutrophils to FMLP (19). We tested the effect of p38 
MAPK inhibition on migration of murine neutrophils toward the 
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FIGURE 5. lifleci of in vivo inhibition of p38 MAPK on leukocyte 
accumulation in the airspaces. A. Neutrophil aceumulaiion in the murine 
airspaces following intniirachca] LPS. Mice prcireaicd with M^9 (□) were 
administered LPS (300 ng) at lime 0, and ccli analysis of BAL was com- 
pared wah untreated mice (•) over a scries of times (.see Matcnufs ami 
Mcihads). Each point represents mean number of neutrophils i SEM from 
three to five animals. The eflect of M39 on Ll^S-induccd neutmphil accu- 
mulation over time is significant = 0.0005) by two-way ANOVA B 
Mononuclear cells accumulation in the murine airspaces following LPS* 
Mononuclear cells from BAL samples depicted in Fig. 4A were analyzed 
m mice administered M39 (□) and compared with unircaicd mice (•) over 
a scries of times. Each point aprescms mean number of cells r SEM fmm 
three to five animals. The eileci of M39 on LPS-induced mononuclear cell 
accumulation over amc is not significant (p = 0.39) by two-way ANOVA. 



chcinoattractanLs MIP-2 and KC. Neutrophil chemotaxis through a 
three-dimensional collagen matrix was quantified by counting die 
number of cells wiihiii a scries of S-^tm intervals after 75 min of 
exposure to tlie chemokhics. In the presence of M39, neutrophil 
chcmoiaxis to MIP.2 (Fig. 2A) and KC (Fig. 2B) \vas blocked. 

£Jfcci ofp38 MAPK iniubition on cytokine rckasa of 
LPS'Stimulated murine netutrophils and AM 

An important role of AM is cytokines release in response to LPS, 
thus triggering and coordinating early inflammation. Neutrophils* 
aLso have the capability to synthesize and release a limited number 
of cytokines (30) and imdcr certain conditions may be important in 
peipeiuating the inflammatory response. Activation of p38 MAPK 
has been associated with cytokine production by both monocytes/ 
macrophages and neutrophils. We tested the clTcci of p38 MAPK 
inhibition with M39 on LPS-induccd release of TNF-a, MIP-2. 
and KC from adherent neutrophils and AM (see Maicrials and 
Methods). An IC^^ of M39 inhibition of TNF-a and MIP-2 release 
by LPS-stimulatcd neutrophils was achieved with a concentration 
of M39 <0.l nM (Fig. 3-4). In contrast, the IC,„ of M39 for LPS- 
activaicd AM to achieve inhibition of TNF-a and MIP-2 release 
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FIGURE 6. Effect of in vivo inhibiiioii orp38 MAPK on c>iokine rc- 
casc in the airspaces. A. TNJ'-u i„ the murine airspaces in response to LPS 
Unlrcaied mice (•} were administered LPS (300 ng) ai tin>c 0. and ihe 
quaniily of TN|-.« i„ ,hc BAL were compared with mice prelreatcd wiih 
M39 (U) over a scries of limes (sec Matcriuh and Methods). Each point 
represents the mean amoimi (pg/mousc) - SEM of TNI^i, recovered from 
the BAL from three to five animals. p < 0.01, compared with M39 
treated mice ai the same time point. The effect of M39 on LPS-induccd 
« i!.'.D "^^^^^ " ^ < ^-000 1 ) by twtvuay ANOVA 

B. MIP.2 in the munnc airspaces in response to LPS, BAL samples from 
Fig. 5A wci-e reanalyzed for MIP-2 in untreated mice (•) compared wiih 
mice administered M39 (Q) over a series of times. Each point represents 
the mean amount (pg/mousej ± SEM of MIP.2 recovered from the BAL 
from Uiree to five animals. The effect of M39 on LPS-induccd MIP.2 re- 
lease over time is not significant (p = 0.49) by two-way ANOVA C. KC 
m ihc murine airspaces in response to LPS. BAL samples from Fig 5^ 
were reanalyzed lor KC in untreated mice (•) compared ivith mice od- 
.nu^.sicrcd M3y (□) ov er a scries of tinws. Each point icprcscnts the mean 
amount (pg/moi.se) ± SEM of KC recovered from the BAL froiiithrec to 
five anmmls. The effect of M39 on LPS-i.iduced KC release over lime is 
not significant (/j = 0.73) by iwo-way ANOVA. 



N^^s > lOOO-fold higher (Fig. 3B). Neither LPS-stimuJatcd ncutro. 
phils nor AM were found lo release significant quantities of KC 
under the conditions studied (Fig. 3. A and B). Viability of neu- 
trophils and niacropiiages treated with 10 /iM M39 ranged from 97 
10 9Wo. equal to the viability of the untreated cells (data not 
Shown). These results suppon ihc conclusion diat in vitro inhibi- 
non orp38 MAPK may result in a relatively greater loss offline- 
iional response by the neutrophil than by the AM 
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FIGURE 7. Systemic inhibition of p38 MAPK results in diminished 
pulmonary inflammation. A. Pulmonary hisiologv of a saline-treaicd 
mouse. At 24 h following intratracheal instillation of saline, the murine 
lungs were fixed and stained with hematoxylin and eosin (sec Matcriuh 
atiilAieihtHlsl Plate represents a representative field from one of two mice 
at X400 magnification, B. Histologic changes associated with imratracheal 
admmistration of LPS. Murine lung 24 h following intratracheal odniinis- 
traiion of LPS (300 ng/mousc). Plate depicts a representative field From one 
of four mice. C Effect of in vivo p38 MAPK inhibition on LPS-induccd 
histological changes. Mice were admini.sterc(l M39 by gastric intubation 
(see Materials and Meih(HiK) and then cxpti.sed to LPS in an idcnucal manner 
as l-ig. 4B. Plate depicts a representative field from one of four mice 



Chamcteriza/ion of muHne pulmonary inflammation in response 
fo intratracheal LPS 

To study the role of p38 MAPK activation in the lungs, a model of 
mild pulmonaiy inflammation was developed. Following intratra- 
chcal administration of LPS, leukocytes and selected cytokines 
were quantified from BAL samples over a series of lime points. A 
dose of LPS was selected that would elicit an exuberant neutrophil 
mflux, followed by a secondary accumulation of mononuclear cells 
(primarily macrophages and monocytes), with near complete res- 
olution by 72 h (Fig. AA). The maximal neutrophil accumulation in 
Ihc awspaces occurred at 24 h following LPS installation (Fig. 4A) 
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HCUKK 8. SyMcm.c inhibiiion of p38 MAI'K resuhs in decreased ac- 
cumulation oi ncuirophiU in the airspaces independent of ihc whole lung. 
A. Ncuirophil acciunulalion in airspaces. Neutrophils recovered by BAL at 
24 h following iniratraciical insiillation of saline or LPS (300 ng/nioiuw) 
with and without adminisiraiion of M39 by gastric intubation (identical 
with Uic conditions depicted in Fig. 7). Each bar rcpa-scnts mean number 
of neutrophils - Si£M from three animals. *. p < 0.01 bv Student's / icst 
comparing indicated condition. B, MPO comcm in lungs' following BAL 
To dctcnniiie relative quantities of neutrophils present in the lungs exclud- 
ing the neutrophils accumulated in the airspaces, the isolated lungs from 
the animals depicted in A were assayed for MPO following BAL. Each bar 
rvprcsenis mean ± SHM of MPO activity per gram of lung li.ssue from 
ihrcx- animals. < 0.01 by Studcm's / test comparing indicated 



In a.ssociaiion with adminisiraiion of LPS. production of TNF-a. 
MlP-2, and KC peaked within 4 h, rciuming to baseline by 12 h 
(Fig. 4B). Cytokine rccoveiy was negligible by 24 h, tlie point at 
which neutrophil influx was greatest, suggesting that cytokine re- 
Ica.^ by neutrophils is minimal in this model. 

Inhihifion of pSH KiAPK in vivo resu/ts in iha eased leukocyte 
ucciimulaiion in (he airspaces 

To quantify changes in inflammation observed in the setting of in 
vjvo p38 MAPK inhibiiion, we conducted BAL studies over 72 h 
following administration of LPS. Numbers of neutrophils and 
niononudear cells recovered by BAL in mice following intratra- 
chcal LPS were coumcd. Administration of M39 resulted in sig- 
nificant reduction of ncuirophil accumulation from 4 to 24 h (Fig 
SAY By 48 h, neutrophils wen: no longer present in the airways 
but were replaced by monocytes/macrophages. When total 
mononuclear cells were evaluated, the efl-ect of systemic p38 
MAPK mhibition was not statistically significant (Fig. SB) 
Togelher, these plots suppon the conclusion that in vivo inhi- 
bition of p38 MAPK result primarily in reduction of the early 
neutrophil accumulation, with little effect on the later recruit- 
ment of monocyies/niacrophages. 

Inhibition of p3H MAPK in Mvo results in decreased TWF-a 
release in the airspaces 

BAL .studies of mice 0-72 h following administration of LPS were 
analyzed for TNF.a. MIP.2, and KC. Only TNF-a was foimd to be 
stgnificandy reduced by in vivo inhibition of p38 MAPK with M39 
(Fig. with no detectable change in the release of Mrp.2 (Fig 
vl.^f J^*^- ^"Seests that sy.siemic inhibition of 

P38 MAPK can have divergent effects on cytokine release, and that 
rclea.ve of the KC and MIP.2 chemokines by residcm puimunaiy 
immune cells in the mouse is relatively less dependem on p38 
MAPK signalmg dian TNF-a under the conditions studied 
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FIGURE 9. Effect of in vivo inhibiiion of p38 MAPK on KC-inducod 
leukocyte accumulation and cytokine release. A. Ncuirophil accumulation 
u K.T^^? a>ri^Pacc-s in response to inirairHchcal KC. Mice prcireaied 
with M39 (□) wen: administered KC ( I ^g) at ,imc 0, and cell analysis of 
BAL w'as compaa-d with uninrated mice (•) o^vT a scries of times (sec 
^fuu^^als and Methods). Uach poim represents mean number of neutm- 
A K AvT Analysis of data by two-wav 

ANOVA indicated a significant interaction between M39-iiiduccd inhibi- 
tion and lime, therefore the effect at each time point was analyzed sepa- 
nitely. Significant inhibition < 0.01) was found at 4 h. with inhibition 
approaehnifi signilicance at 8 h (.« = 0.038). No significant changes 
were pKsent at 24 h (/. * 0.95). B. Leukocyte accumulation in the murine 
airspaces in response to KC. The total white blood cell count in BAL 
samples depicted in Fig. 8.4 was counted in mice administered M^9 (□) 
compared wnh umrcatcd mice (•) ovci- a scries of limes. Each point rep- 
resents mean number of cells ± SEM from three to seven animals Anal- 
ysis ol data by- two-way ANOVA indicated a signiiicant interaction be 
twecn M39.iiiduccil inhibition and time, therefore the cjlbct at each time 
pomt was analyzed separaicly. Significant ii.liihition < 0 01) was 
found at 4 and 8 h. No significant changes were present at 24 h (/; = 0 99) 



Inhibition ofp3^ MAPK in vivo results in diminished 
hfstalogical evidence of pulmonary itiflamnuttion 
The effect of in vivo p38 MAPK inhibiiion on the histological 
changes of mild LPS-induccd pulmonai>- inflammation were cval- 
uatcd. Ammals were administered LPS iniratrdchcally in the pres- 
ence and absence of M39and compared with saline-ireated con- 
trols. After 24 h, LPS-treatcd mice (Fig. W) demonstrated a 
significant interstitial and intraalveolar accumulation of leukocytes 
and edema when compared with saline treated animals (Fig 7A) 
In the presence of 38 MAPK inliibitioii, inflammatory chanacs 
were evident, but to a lesser extent (Fig. IC). 

Inhibition ofp^H MAPK selectively blocks the accumulation of 
neutrophils into the airspaces 

Decreased neutrophil accumularion in the airspaces in response to 
LPS following inhibition of p38 MAPK could possibly be due to 
decreased retcijtion of neutrophils in the pulmonary vasculature or 
lung interslitum. or by loss of the ability of the cells to migrate into 
the alveoh. The MPO iissay was used to quantify the neutrophil 
burden m the pulmonary vasculature and intcrstitium. Animals 
were admmtsiercd LPS intratracheal ly in the presence and absence 
of M39 and compared with saline^rcatcd controls at 24 h, identical 
with the conditions depicted in Fig. 7, /]-C. Neutrophil accumu- 
lanon in the airspaces was determined by BAL (Fig. 8.4), and 
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follovvinu BAL ihe isulaicd lungs were subjccicd to the MPO assav 
(f ig. m. Ahhough significant reduction in neutrophil accumula- 
tion IS observed in the setting of in vivo p38 MAPK inhibition 
(Fig. Ul the amount of neutrophils present in the isolated lungs 
with or without p38 MAPK inhibition arc equivalent (Fig. HB) 
These resuhs support the conclusion that systemic inhibition of 
p38 MAPK resuhs in a loss of migration of neutrophils into the 
airways, consistent with the clFecis of in vitro p38 MAPK inhibi- 
tion on neutrophil chcinotaxis (Fig. 2;. 
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DccreasLul neutrophil avcumulation by inhibition of'p38 MAPK 
in v/w occurs due to reduced neutrophU chemotaxic response 
Obscl^xd decreases in pulmonary inflammation following sys- 
temic inhibition of p38 MAPK might occur due to diminished 
response of neutrophils to LPS. as a result of decreased TNF-a 
release rFig. 6J) or as a selective inhibiiioii of neutrophil chemo- 
taxis (Fig. IB). To evaluate the effect of systemic p38 MAPK 
inhibition on neutrophil chemotaxis independent of LPS and 
TNF-a. a model using KC-induced pulmonary inflammation u-as 
studied. KC IS a potent and selective chcmoattractant for murine 
neutrophils that triggers Jittle of the inflammatory cascade. KC was 
administered intratracheally in mice in the presence and absence of 
M39, and BAL studies were perfomied from 0 to 48 h. Under the 
conditions studied, KC induced a rapid and self-limited migration 
of neutrophils that was significantly decreased by in vivo p38 
MAPK inhibiiion (Fig. Unlike LPS, a substantial later accu- 
mulaiion of mononuclear cells did not occur in response to KC 
iFig. ^)Bi BAL analysis demonstrated no measurable release of 
MlP-2 and TNF-a and levels of KC within the airspaces decreased 
rapidly following administration (data not shown). These results 
suggest that decreases in LPS-induced neuu-ophil accumulation 
following systemic inhibition of p38 MAPK can occur due to re- 
duced neutrophil response, independent of TNF-a production. 

Discussion 

Tlie murine model of lung inflammation described above uses a 
single, low-dose intratracheal administration of LPS to induce an 
acute inflammator>' response characterized by rapid but seil-lim- 
iting release of cytokiries, followed by the u-ansient influx of neu- 
trophils and a secondaiy- accumulation of mononuclear cells This 
model was designed to study the critical early stages of lung in- 
nammaiion in which ncuu-ophil recruitment is a cenn-al feature By 
limiting the extent of the initial insult, manv of the features that 
contribute to the perpetuation of severe inflammation were 
avoided, including sustained release of c>iokines. ongoing reciuit- 
ment of leukocytes, significam damage of the parenchyma, and 
ultimately a significant monalhy rate. 

Through in vitro studies of various cell lines and primary cells 
p38 MAPK has been linked to a variety of inflammatory responses' 
With the recent development of potent and specific inhibitors, the 
role of p38 MAPK in both in vitro systems and complex in vivo 
models of mflammation can be studied. Murine neutrophils were 
round to have nearly identical activation of p3Ra MAPK In re- 
sponse 10 stimulation by LPS with what has prcviouslv been re- 
ported in human neutrophils. Treatment of murine neutrophils with 
the novel p38 MAPK inhibitor M39 resulted in significant inhibi- 
^^1^1^^^°" ^^^^ Jmportam functional eflects of pl8 

MAPK inhibition in the murine neutrophil were the loss of che- 
niotaxis toward MlP-2 and KC and the loss of TNF-a and MIP.2 
release in response to LPS. Unexpectedly, parallel studies of mu- 
rinc AM demonstrated a lOOO-foldgitsatcr concentration of M39 is 
required to block release of TNF-a, MIP.2. or KC. Tlie greater 
sensitivity of ncutrophUs to inhibition of the p38 MAPK cascade 



was also obsen'ed .n vivo. In response to inirairacheal adminis- 
tration of LPS. the influx of neutrophils, but not mononuclear cells 
was significantly decreased in the setting of systemic p38 MAPK 
mhibinon. Ouaniificaiion of the neutrophil accumulation in the 
whole lung demonstrated that under the conditions studied only the 
airspaces have a reduction of the influx of neutrophils, supporting 
the m vitro analysis of the dependence of neutrophil chemotaxis on 
p38 MAPK activauon. Recovery of TNF-a in die airspaces was 
reduced through p38 MAPK inhibition, but quamiiies of MIP.2 
and KC were not affected. When KC was used as a primao' neu- 
trophil chcmoaitractam. secondary release of TNF-o and MIP-2 
was not evoked, but neutrophil influx wa.s significantlv blocked by 
systemic p38 MAPK inhibition. ' 

Although the MAPK ciiscades are highly conserved, it is now 
understood that specific utilization of the MAPK cascades differs 
between neutrophils, macrophages, smd other cells. Li monucytes 
or macrophage cell lines, LPS has been reported to activate p4r^4 
(ERK) MAPK and JNK as well as the p38 MAPK cascade (31- 
33). Release of TNF-a by monocytes or macrophage cell lines can 
be blocked through selective inhibiiion ol' either the JNK C^?) p3s* 
MAPK (16), or the p42/44 (ERK) MAPK cascade (34). Disruption 
of a component of the p38 MAPK cascade in A/A'A'.r mice 
failed to reduce -mF-a release by peritoneal macrophages in re- 
sponse to LPS (35), In T cells, inhibition of p38 MAPK has less of 
an effect on TNF-a relea.sc than does inhibition of the p4'>/44 
(ERK) cascade (36). In contrast, LPS sumulaiion of ncuu-ophils 
does not result in activation of the p42/44 (ERK) MAPKs or the 
JNKs (17. 18. 37). As a short-livcd. temiinallv differentiated pri- 
mary cell, the neutrophil possesses a more limited .synthetic capa- 
bihty and, in respon.sc to LPS, uses fewer of the available intra- 
cellular signal transduction mechanisms. Thus, the selective lo.ss of 
neuu-ophil function in the setting of systemic p38 MAPK inhibi- 
tion suggests that neutrophils arc relatively more dependent on 
signal transduction via the p38 MAPK ca.scade than AM. 

Although considerable recent imercst has been focused on the 
activanon and function of p38 MAPK. there are few reports of in 
vivo inhibition ofthis .signaling pathway. The pyridmyl imadazole 
compound!?, including SB203.580 and SK&F86002, are the most 
widely studied p38 MAPK inliibitors and have been shown to pos- 
sess amiinllammatory properties in animal models. These early 
p38 MAPK inhibitors were shown to reduce neutrophil inllux in 
response to monosodiiim urate- or carragccnan-induced peritonitis 
(38) and collagen-induced jirthritLs (39, 40). In response to i.p. 
injection of LPS. adminisu-ation of these compoimds resulted in 
decreased recovciy of TNF-a by peritoneal wa.shout (41) and de- 
creased seruin TNF-a and mortality in a murine model of cndo- 
toxm shock (40. 42, 43). The amiinfiammatory effects of these p38 
MAPK inhibitors occurred in the absence of generalized immuno- 
suprcssion (40. 41. 44. 45). The effects of systemic p38 MAPK 
inhibition on pulmonary inflammation has not been described. To 
date, nearly all studies of the functional role of p38 MAPK have 
used the compound SB203580, which has an IC5„ = 39 ± 1 1 nM 
for p38 MAPK as wcIJ as considerable inhibitory effects toward 
c-Raf (IC,,, = 330 ± 155 nM) and JNK2al {IC,„ = 290 ± 110 - 
nM). In comparison. M39 has an IC50 = 0.11 r 6.046 nM for p38 
MAPK and is significantly less active toward c-Raf (IC. « 
>I000 nM) or-JNK2al (1C,„ = 675 nM) (25). As a more potent 
and .selective p38 MAPK inhibitor^ M39 is bener suited for in vivo 
studies than previously available compounds. 

in the murine model of mild LPS-induced puimonar>' inllam- 
mation. the predominant effect of in vivo p38 MAPK inhibition 
was to reduce recruitment of neutrophils. Based on in vitro che- 
motaxis assays to MIP-2 and KC. it would appear that this effect 
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can occur as a result of decreased neutrophil response. BAL mea- 
surement of chemokinc levels suppon this conclusion, as neither 
KC nor MIP.2 release was decreased in animals treated with M39 
In addition, in vivo inhibition of p38 MAPK blocked neutrophil 
accuniulauon in response to intratracheal administration of KC 
independent of LPS orTNP.a. Although decreased TNE-a release' 
following LPS stimuhtion was detected in animals treated with 
M39. this effect appears to be of secondary importance under the 
conditions studied. The apparently greater dependence of ncuiro- 
phils on p38 MAPK signaling when compared with resident cells 
of the lung suggests the potential for selective analysis and mod- 
ulation of neutrophil influx in pulmonaiy inflammation. 
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